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1.0 ABSTRACT

We applied a least-squares moment tensor inversion technique to 10 presumed nuclear
explosions from the French Polynesian test site at Mururoa. Cur results indicate that tectonic
release typically is quite low (with F#’s ranging from .09 to .46) and makes little contribution
to event moment. Assuming an oblique thrust orientation for the tectonic release mechanism,
we find that the Gmb between Mururoa and NTS is roughly .2 to .25 magnitude units. Finally,

we compared yield estimates generated from three different magnitude-yield relations and
found that they were reasonably close to one another and to the one known yield value.

We next used a search technique to jointly invert multiple types of data for six Northern
Novaya Zemlya presumed nuclear explosions to find the average tectonic release orientation
(strike, slip, and dip). P waveform, SH polarity, and surface wave data were used in the
inversion, but SV amplitude data had too much scatter to be included. We found that the
available data was insufficient to distinguish beiween a thrust and an oblique normal
orientation. We suggest that an improved distribution of stations recording SH polarities,
more accurate SV data, and/or geologic knowledge of the source region could provide enough
additional information to determine the orientation. The presence of multiple, substantially
di.ferent orientations that fit waveform, surface wave, and polarity data suggests that more
effort needs to be made to systematically search the model space for alternative solutions in
studies involving both isotropic and double couple sources.




2.0 INTRODUCTION

In previous reports, we explored the use of long period surface wave moment tensor solutions
to correct explosion yield estimates for the effects of tectonic release. We cxamined long
period moment tensor results for the Nevada Test Site (NTS) and Shagan River test areas
(Given and Mellman, 1986 and 1986S) and used these results to derive Mp-my and Ml-yicld
relationships. More recently we applied this method to events from the Novaya Zemlya test
area and examined the frequency dependence of moment teasor solutions for NTS, Shagan
River, and Novaya Zemlya (Tucker et al,, 1989). In the current report, we apply the long
period surface wave method to the French test site, Mururoa. This provides another test of
the portability of My-yield relationships, as well as the applicability of path correction
procedures.

Earlier work on NTS, Shagan River, and Novaya Zemlya has suffered from the presence of
large outlier events, where the surface waves were either far too large or far too small for the
observed my,. It has been suggested that these outliers represent events whose tectonic release
orientations differ from those of the "average" events. In the second part of this report, we
use an error tolerant search method to determine the orientation of tectonic release based on
P waveform, SH polarity, SV amplitude, and surface wave joint inversion. Our goals in this
inversion are to unambiguously determine an "avecrage” tectonic release orientation, and to
examine variations in tactonic release orientation from event to event. We applied this joint
inversion method to six Northern Novaya Zemlya events previously studied by Burger et al.
(1986) and Tucker et al. (1989).
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3.0 SURFACE WAVE MOMENT DETERMINATIONS FOR THE MURTIRDA TEST SITE
3.1 Intr ion

One of the challenges in explosion seismology is determining the yield of underground nuclear
explosions using seismic information. Since yiecld can not be measured directly from the
seismograms, the usual procedure is to devélop a relationship between yield and magnitude
based on a set of reference events. Magnitudes for additional events can be measured and
used i~ the relation to estimate yields. Commonly used magnitudes include my, and M, One
difficulty with the surface wave magnitude M; is that it may be biased by the presence of
tectonic release which adds double couple energy to the isotropic energy of the explosion.
Moment tensor inversion is designed to reduce this bias by allowing the double couple
component to be isolated and removed.

The equations and procedures used in performing moment tensor inversion were describud in
detail by Given and Mellman (1986). Briefly, this technique involves determining an
amplitude and polarity value for each long period seismogram after correcting for path
propagation effects such as attenuation, dispersion, and geometric spreading. The signed
amplitude values for many stations for many events are then inverted in an iterative,
least squares fashion to simultaneously determine a correction factor for each station and
three source paramcters for each event. These source parameters, defined as combinations of
the moment tensor elenients, can be combined with a tectonic release orientation to determine
the isotropic moment, M;. Using this technique, Given and Mellman (1986 and 19868) studied
events at Shagan River and NTS, whiie Tucker et al. (1989) studied events at Novaya Z mlya.
In the current report, we use moment tensor inversion to study events at Mururoa, the French
Polynesian test site in the Tuamotu Archipelago region (see Figure 1). This study focuses on
10 events that occurred between 1979 and 1984, were recorded by SRO stations, and range in
Lilwall magnitude from 5.2 to 5.7 (sec Table 1). These same events were also studied by
Stevens and McLaughlie (1989), although they neglected tectonic release when computing
moment (Mo). They found that the relation my = .9 log(M) - 8.62 was appropriate for
Mururoa and suggested an my, bias of .2 with respect to NTS. As the current study finds that
tectonic release is a relatively minor factor at this site, it is not surprising that similar Mj-my,
and my bias results were obtained.




FIGURE 1: Azimuthal map showing the location of the Mururoa test site and
the great circle paths from it to the seven SRO stations used in this siudy.




DATE
07/25/79
03/23/80
06/16/80
07/19/80
12/03/80
04/19/83
05/25/83
05/12/84
11/02/84
12/06/84

TABLE It

TIME
17:56:59
19:36:59
18:26:59
23:46:59
17:32:59
18:52:58
17:30:58
17:30:58
20:44:59
17:28:59

List of Mururoa events used in this study.

LILWALL my

5.74
5.49
5.20
5.54
5.39
5.49
5.68
541
5.42
5.43
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3.2 Mururoa Data

As clearly shown in Figure 1, the distance between Mururoa and the SRO stations is typically
greater than 659 so that it takes between 1/2 and 1 hour for the explosion signals to arrive
at the stations. This long travel time leaves ample time for the arrival of interfering signals
from carthquakes which have occurred later, but closer, than the explosion. This situation
occurs, for example, at stations ANMO, MAJO, and TATO for the Mururoa event of 4/19/83
which was followed less than 20 minutes later by a magnitude 5.1 carthquake near central
Alaska. The distance between ANMO and the Mururoa cvent is 7155 ki, while the distance
between ANMO and the Alaskan event is only 4335 km. Assuming a velocity of 3.5 km/s,
the signal from the carthquake is expected to arrive less than six minutes after the signal
from the cxplosion. Alihough the ANMO data may be salvaged by windowing and filtering,
it is clear that the data at station TATO can not be recovered as the two signals are expected
to arrive within two minutes of each other (see Figure 2). A list of potentially interfering
events is given in Table 2.

For uncbstructed data, the first stcp in attempting to recover the size and orientation of the
tectonic relecase from the observed surface wave seismograms is to correct the radiation pattern
back to the source by removing path and propagation effects. Although the geometric
spreading and instrument corrections are quite straight forward to apply, the remaining
corrections for phasc velocity, attenuation, and transmission differences between the source
and receiver regions are extremely sensitive to the path being traveled and must be defined
for cvery source-receiver pair, Stevens and MciLaughlin (1989) have generated a number of
these path corrections for a varicty of test sites and stations. Although path correction
information: for Mururoa to i3 stations was provided by S-Cubed, data from only seven
stations were used for moment tensor analysis in the current study. Data from the remaining
stations werc discarded as they did not appear to correct consistently enough to provide
rcliable amplitude measurements. Once the data have been corrected for path effects, the
amplitude and phase spectra can be computed (sec Figure 3). The scalar amplitude used in
the inversion is a weighted average of the spectral amplitude values and its sign (polarity) is
determined by the trend of the phase spectra. A trend towards 7 or -7 indicates normal

(negative) polarity, that cxpected from a pure explosion uncontaminated by tectonic release,
while a trend towards 0 indicates reversed (positive) polarity. None of the Mururoa data show
any reversed Rayleigh waves. In addition, no Love waves could be identificd with certainty
(see Figure 4), These two observations suggest that the typicai amounti of iccionic réicase ai
Mururoa is low.
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FIGURE 2: Long period vertical seismograms from stations ANMO, MAJO,
and TATO showing the effects of interference. A mugnitude 5.} earthquake
vccurred near ceniral Alaska roughly 20 minutes after the Mururoa event of
4/19/83. The expected arrival times of the signais from iheésé iwo evenis was
computed assuming 2 velocity of 3,5 km/s. The Mururoa signal is marked with
an "M", while the Alaskan signal is marked with an "A".
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DATE

07/25/79

03/23/80
03/23/80

06/16/80

07/19/80
07/20/80
07/20/80

04/19/83

TIME

17:45:10

19:27:56
20:09:03

19:02:34

23:31:55
00:23:32
00:24:05

19:12:49

TABLE 2: List of possibly interfering svents.

4.9
4.7

4.2

4.8
4.9
3.5

3.1

LOCATION
Central Chile

Santa Cruz

Afghanistan-USSR
Mindanao

Celebes
Mexico-Guatemala

Mexico-Guatemala

Central Alaskz
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The combination of relatively small ecvent size, Jow tectonic release, and large event-station
distances severely limits both the quantity and quality of data that can be used in this study.
Table 3 lists the Rayleigh wave data actually used. Note that no Love wave information is
included.

33 tation Correction and rce Parameter Result

The signed amplitudes for many stations for many events are inverted in an iterative,
linearized, damped least-squares fashion to give values for both a correction factor, a;, for
each station and three source parameters, S for each event. The station correction factors
arc designed to compensate for magnitude variations between individual stations which are
typically attributed to site specific effects due to the geology under a station and to any
uncorrected propagation effects, Table 4 lists and Figure 5 shows the resulting station
corrections.

The resulting source parameters, listed in Table 5, were used to generate the theoretical
radiation pattern curves shown in Figure 6. Clearly, the fit between the observed and the
theoretical amplitudes is quite good. Most of the events show fairly low amounts of tectonic
release with the 5/12/84 event having the least and the 7/25/79 event having the most. Also,
the strike of the tectonic release appears to be roughly 205° (assuming an oblique thrust
mechanism) for almost all of the events. The noticeably different orientations of events
5/12/84, 11/02/84, and 4/19/83 can be explained by the quality of the solutions for those
cvents. The 5/12/84 event contains so little tectonic release energy that the preferred strike
has no meaning, the 11/02/84 cvent solution is poorly constrained as it was determined from
only three pieces of data, and the 4/19/83 event solution is probably biased by energy from
the interfering Alaskan carthquake (see Figure 2) which was not completely removed from
the ANMO seismogram. The isotropic moment, My, depends on the source parameters, Sk» the
clastic structure near the source, and the mechanism (dip and slip) of the accompanying
tectonic release. The source parameters (shown in Table 5) were determined by inversion and
the clastic structure (a=3.0 km/sand 8 = 1.7 km/s) was taken from Stevens and McLaughlin

(1989). If independent geological information was available for Mururoa, it could be used
to sclect the tectonic release orientation. Lacking this, the slip and dip can be treated as
regression coefficicnts and varied until log(Mx) scales with explosion size independent of the
amount of tcctonic release. The body wave magnitude, my, is assumed to provide a stable
measure of cxpiosion sizc as i appéars io be unaficcicd by iecionic reiease and I'#, defincd
as the double couple to isotropic moment ratio, is a measure of the amount of tectonic release.
Thus, the preferred orientation is that which produces the lcast trend on a plot of "offset”

(.9*log(M{)-mb) vs F#. Although Figure 7 clearly indicates that the preferred tectonic reicase

11
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RALEIGH
STATION EVENT DATE

072579 032380 061680 071980 120380 041983 052583 051284 110284 120684

ANMO -l -1 -1 -1 -1 -1 -1 -1 -1 -1
CTAO -1 -1 0 0 0 -1 -1 -1 0 -1
GUMO 0 -1 -1 -1 -1 -1 0 -1 -1 -1
MAJO -1 -1 -1 -1 -1 0 0 -1 -1 -1
SNZO -1 -1 -1 -1 -1 -1 -1 0 0 -1
TATO 0 0 0 0 -1 0 -1 -1 0 -1
ZOBO -l 0 -1 -1 -1 -1 -1 0 0 0

TABLE 3: Data use matrix.




:

STATION

ANMO
CTAO
GUMO
MAJO
SNZO
TATO
ZOBO

AZIMUTH

29.34

25591
287.71
306.36
232.46
290.45
98.97

TABLE 4: Rayleigh station correciiciis.

MULTIPLICATIVE
CORRECTION
1.361
1.353
0.805
0.692
0.571
1.067
1.601

LOG
CORRECTION
0.134
0.131
-0.094
-0.160
-0.243
0.028
0.204

13
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DATE

07/25/79
03/23/80
06/16/30
07/19/80
12/03/80
04/19/83
05/25/83
05/12/84
11/02/84
12/06/84

S0

5.470
1.560
1.170
2.800
2.040
2.480
3.300
2.540
2.130
2,750

St

2,620
0.093
0.108
0.814
0.463
-0.687
0.977
-0.219
0.281
-0.209

-2.750
-0.374
-0.496
-1.140
-0.457
-0.108
-0.872
-0.098

0.000
-0.872

TABLE 5: Suvurce Paramcter Results

15




*SI[NSIT ABM IA0T Smoys JYJ11 3Y3 UO JeYy) pue Ss)nsaz
saem yBiojAey smoys 31J9] Yy} U0 IJoIId Iy “Arprejod pIsidAadr urjesrpur ‘
$910310 uddo pue Ajuaejod (BWIOU BUNBIIPUT SISSOID YIIM JUIf SNONUIIUOD

|

16

e SE panojd aie sanjea [edI3AI09Y) Y] “Airejod posIsAdl Sunesrpur siels
uado pue Ajurejod [ewaiou SuriedIpul SHSLIISE YIIm sjurod 3991081p se pa1301d
918 SonjeA PaAIosqo Syl do} 9yl 1e YIION WOIJ ISIMYO0[D PAINSedWw ‘Yyinwize
Jo uoijdounj e se ‘J91udd 9Y) wosJ sdoue)sip o3 jeuonnzodosd ‘opnijdwe moys s ~jd
YL "6L/ST/L JO IUIAD BOMMINIA dY) 10] S10]d uidlied uoneipey G AN 14

‘081 ‘081

‘06 *0LZ °06 022

0 -

SL°¢- 125 ¢8°¢ 118 LP°S 108

645220 3100 : .._. Z M > M




17

*08/€Z/€ 1U3A9 10 1dodXD B9 91nB1,] se Sweg Qo FANOIA

lom.— Oawd
4¥°
oyl
06 ‘02z ‘06 | + 0L2
Otbb
D L
S &
$ %
lo 'o
LED- 125 60°0 11S  95°1 105 s INJA3

0B€ZED :31u0

" [ ! [ R ' L ' R [N [NERD ] [N ' " | ' ! ' | '
L I R L . | .
T ———




*08/91/9 1U249 10 1da9X9 B9 2und1g se owesg 209 FANOIL

‘081 081

‘08 022 ‘06

0 0

18

0S "0- 128 11°D 1158 L1°1 10S . -
089190 :3LlHU * ..— ZM> m




19

‘06

"08/61/L U243 10§ 3d99xd €9 21nB1g se JWwes :p9 FAUNOI

"081 -081

‘0L ‘06

oc tc

Rl*1- 125 18°0 '1S  08°Z 105 .
086140 3160 : INJAS

H

‘0Le




20

*08/€/T1 U249 10 1d90X? B9 91nB1J sk dweS 99 FUNOII

‘o8l ‘081

0407 7
*06 ‘042 "06 + ‘0.2 7
*

"%
%o\,% |
§ % i

4
\\ |
oO oQ

-0- . . 0s . |
9y *0 125 SF°D 1S ¥0°2 t : INIA3 7

DBEGZT :31HO




21

"€8/61/p 1u2A9 103 1do5x9 €9 21nB81] St dwreS :J9 FUNOIA

‘o8l -081

06 ‘0Le 06 0.2

.o oc

11°0- t1gS 69°0-~ 11S B8¥°¢ 10S .
€861¥0 s31b0 : .._-ZM>M




22

s W =E

4

"€8/ST/S 1u242 10} 3d90xd €9 d1n¥1] s Sweg 39 FIANOIA
‘083 ‘081

‘0
w0 e W g B ANAS

06 ‘042 ‘06 ‘0ie

‘0

Sa e, ®,
A, %5 G NN 0N o G U N 0 E o N
wmeEr B «El
o ' o Lo T [ [ ! | ! |




23

$8/T1/6 1UIA2 10 1da0x2 g 21081 se JweS 49 FANOII

081 081
o8-3
08 % 02z 08 ‘oz
ﬁ
T ,
"%

R

§
y ﬁ
‘0 " m

01°0- 125 2Z°D- 115 ¥5°C 0§ .
¥82150 3180 :INJA3




24

*$8/T/11 JUSAD 10] 1d20X2 B9 2in814 se swes 19 FANDOII

o8t "081

j

o % 0Lz "06 ‘oLe

\)Q%s

oo .°

00°D 1ZS 82°0 116 E1°2 108 .
¥8Z011 3180 s INJAS

T T T T



25

‘$8/9/T1 IUdAD 10] 1d99%9 B9 ain3ig se swes (9 FUNODILI

‘081 ‘o8l

‘06 ‘0Lz 06 042

0 0

48 °0- 125 120~ 118 Si°¢ 108

vesozt sasn c LNJA




26

*921S UOISOjdxd 03 ISEI[I1

31u03993 jo uonlzodoad 9A1IE[II Y} JO JUIPUIAIPULI SIUDAD [[E JOJ UOIJBUTWBIUOD
958I[91 OIUC}II} Yy IA0WSI Aj19doid o3 sivadde 31 Isnesdq PpI1rdyeid st

odofs 1591381 J 9YJ UT SINSIT YIIYM UOIIBIUILIO Y J, "SUNIIBIUDIIO ISEBI]I1 D1UO0III)
JUSI9JJIP INOJ BUIINSSE ROININIA 1B #.§ SA AQEA.EVmc—S 198JJO L FANDIA

L7 |
mh. c Qm. ‘0
¥ )

SZ°0
1
1

00°0

dI1S 3NILS

/x/uﬂwmd&TTé .

+0z°8

+or's

X *
--08°8
o008
a4

52°0 0s°0 sZ°'0 00°0
[ t “ Do°e
1SNUHL 3IN0INED doze
¥ o8

x
R
— X

<008

e |
. 00

w4

00°0

SL°0 05°0 St°0
! 1 1
t 1 T

IENYON 3NBINAG

X

135440
s

br |
SL°0 DS°0 ST°0
[ “ i

ac°e
+-ot8
F. o8

Loy

- 03 °8

-~ 008

00°0
0J)°8

1SNuHL

13§440

#4 SA BR-(IR)ODIx6°

1

- 020

-1+-0r'8

- 09 °8

-ﬁ 006

135440

138440




27

]

orientation is somewhere between oblique thrust (slip=302,dip=45°) and strike slip
(slip=0°,dip=90°), this identification remains tentative because it is based on a very small
range of F#’s. The F#'s and isotropic moments, computed for both the oblique thrust and
strike slip mechanisms, are listed in Table 6. The correspondence between log(MI) and Lilwall
my, can be seen directly in Figure 8, where Mj has been computed assuming an oblique thrust
orientation. Although the fit line drawn on that plot was constrained to have a slope of .9 for
consistency with previous Shagan River and NTS results (Given and Mellman, 1986), the slope
of the best fitting unconstrained line was .86. The scatter in log(Mj) with respect to my, is
roughly .1. In previous work, Tucker et al. (1989) added another dimension to the moment
tensor inversion process by applying weighting functions with narrow frequency bands at 15 .
center frequencies to determine the scalar amplitudes used in solving for the source
parameters. After removing an average frequency behavior, they found that at Shagan River ~
and at NTS there was no appreciable frequency difference with respect to "uffset"
(.9log(MI)-mb) between events. The Novaya Zemlya events, however, show la: 3¢ frequency
differences, with substantial scatter at long periods. Examined in this manner, the Mururoa
events appear quite homogeneous and show no appreciable frequency differences between
events (sece Figure 9). When the average frequency behaviors at each test site are compared,
the Mururoa events show a decrease in of fset at higher periods, similar to Novaya Zemlya and _ '

NTS (see Figure 10). The significance of these trends is unclear at the present time. :;f?.:f
R

34 Yield Estimates e

For test sites where the yields of some underground nuclear explosions are known, estimating
the yields of other events may be accomplished by establishing magnitude-yield relationships
based on the known yields. Where no yield information is available, yield estimates are made
by "transporting” magnitude-yield relations from other test sites, with corrections for source
and path differences where appropriate. It is generally believed that M- (and therefore MI')
yield relations show less variation from site to site than mb-yicld relations. Thus, a constant ;
"sitc bias" term (Smb), developed using Ms or My as calibration for my, may be introduced ]

when an mb-yicld relation is transported to another area.

Table 7 lists Mp-my, relationships for various test sites. Those for NTS and Shagan River were
developed by Given and Mellman (1986) while those for Mururoa are from this study. Since
all the listed relations have the same .9 slope, émy, depends solely on the constant. Taking
NTS as a reference, the Smb at Mururoa ranges from .i9 o .27 dcpending on the iccionic
relcase orientation assumed. These bias values are almost identical to the .2-3 range
determined by Stevens and McLaughlin (1989). Since there is little tectonic release at Mururoa




DATE

07/25/79 -

03/23/80
06/16/80
07/19/80
12/03/80
C4/19/83
05/25/83
05/12/84
11/02/84
12/06/84

STRIKE SLIP
Log(M;)  OFFSET
15930 8597
15385 8357
15281 8534
15655 8.536
15502 8562
15587 8538
15711 8.460
15597 %627
15521  8.549
15632 8.638

TABLE 6:

F#

0.446
0.159
0.279
0.321
0.205
0.180
0.255
0.061
0.085
0.209

Log(Mp)

16.092
15.450
15.368
15.761
15.584
15.659
15810
15.623
15.556
15.715

Moment, Offset, and F# Results.

THRUST
OFFSET F#
8.743  0.465
8415 0.207
8.631 0.329
8.645 0.367
8.635 0.257
8.603  0.230
8.549  0.306
8.651 0.086
8.581 0.118
8.713  0.261
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FIGURE 8  log(Mp) vs my, for Mururoa events was computed assuming that
the tectonic release orientation was an oblique thrust (dip=45°, slip=30°). The
cquation of the fit line is my = .9 log(My) - 8.62. The scatter is about 0.1.
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SITE

Mururoa (ss)

Mururoa (ot)

Shagza River

All NTS

Mj -my, RELATION

ry, = .9 log(My) - 8.54
my = 9 log(My) - 3.62
my =.9 log(My) - 8.48

my =.9 log(MI) - 2.81

32

SITE BIAS

27

19

.00

TABLE 7: Ml'mb relations and my site bias.
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and the major difference between the two studies is that My explicitly accounts for tectonic
release while M, does not, it is not surprising that both My and M, give the same results.

Because a handful of yields are known for events at Mururoa, we can begin to test the
accuracy of various magnitude-yield relations (and the validity of transporting them across
test sites). Table 8 shows some magnitude-yicld relations. The My-yield relation was developed
by Given and Meliman (1986S) based on data from NTS. One mb-yicld relation was developed
by Murphy and O’Donnell (1987S) based on five older Mururoa events for which they had both
yield values and my, values available. Unfortunately, the my, values they used were those
given by Alewine rather than those given by Lilwall. So, we modified their relation by
including a constant which represents the average difference between the Alewine and Lilwall
mb’s for the four events for which both my values were available. Another mb-yicld relation,
listed by Given and Mellman (1986S) and based on data from NTS, was "transported” to
Mururoa by including the oblique thrust émy, value of .19. Using the MI-yield relation, the

modified mb-yicld relation, and the transported mb-yicld relation with the appropriate
magnitude values, we computed three different sets of yield estimates for the Mururoa events.
These estimates are shown in Table 9. Although all three scts of yield estimates are quite
similar, the estimates computed from both the M; and the transported my, relations are
consistently smaller than those computed from the modified my, relation. The only yield value
known for these events falls beiween the various cstimates.

3.5 nclusion

After being corrected for receiver and propagation effects, the amplitudes and polarities of
Ravieigh waves from 10 Mururoa presumed nuclear cxplosions werc inverted for station
corrections and source parameters. Before the isotropic moment can be uniquely determined,
the orientation of the tectonic release must be assumed. The choice of this orientation was
zuided by the criterion that the quantity .9log(MI)-mb should be invariant with respect to F#,
a measurc of the relative amount of tectonic release. Tectonic release for the Mururoa events
appzars to be between oblique thrust and strike slip. Among the Mururoa events, there appears
to be some range in the amount of tcctonic release as their F#'s vary from .09 for the event
of 5/12/84 to .46 for the event of 7/25/79. The range of F#'s for the Mururoa events is less
than a quarter of the range found by Given and Mcllman (1986) for cvents from Shagan River.
Although this does not rule out the possibility that tectonic release might be extremely large
for some future Mururoa event, it does suggest that typically, tectonic release is not as biga
factor at Mururox as it is at Shagan River. By comparing various Mj-my relations, we find
that the Gmb site bias between Mururca and NTS is roughly .2 to .25 magnitude units. This

result is similar to that found by Stevens and McLaughlin (1989) with M,. Finally, we

33




RELATION

Log(Y) = l.Olog(MI) - 14.07
Log(Y)= 1.0 my, - 3.88
Log(Y)=1.0 my - 3.71
Log(Y) = 1.11 my, - 4.22

Log(Y) = 1.11 my, - 4.43

34

REFERENCE

Given & Mellman 19868
Murphy & O'Donnell 1987S
modificd for Lilwall my
Given & Mellman 19868 (NT3)

transported to Mururoa

TABLE 8: Magnitude-yield relations




DATE

07/25/79
03/23/80
06/16/80
07/19/80
12/03/80
04/19/83
05/25/83
05/12/84
11/02/84
12/06/84

MODIFIED m, log(My)
2.03 2.02
1.78 1.38
1.49 1.30
1.83 1.69
1.68 1.51
1.78 1.59
1.97 1.74
1.70 1.55
1.71 1.49
1.72 1.65

TABLE 9: Mururoa yield estimates

TRANSPORTED my,

1.95
1.67
1.35
1.73
1.56
1.67
1.88
1.58
1.59
1.60

35
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generated three sets of yield estimates for the Muruioa events using various magnitude-yield
relations. All three scts of estimates were rcasonably close to each other.

36
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4.0 JOINT INVERSION OF SURFACE WAVE AND BODY WAVE DATA
4.1 Introduction

Long period surface waves are capabic of constraining only three of the six possible degrees
of freedom in the seismic moment tensor. The unconstrained degrees of freedom have a
significant effect on the corrections for tectonic release that are made to explosion moment.
To date, the orientation of the tectonic components has been inferred from cither earthquake
data, body wave data, or F# vs of fsct (Given and Mellman, 1986). In order to establish the
orientation of tectonic release directly from explosion data, information from multiple data
types must be used.

At first glance, moment tensor inversion appears perfectly suited to use multiple data types
simultanecously. Problems quickly arise, however, because of the degree to which the solution
depends on amplitude normalization of the differing data types. Joint moment tensor
inversion of body and surface waves, for example, is critically dependent on absolute
attenuation of the body waves and, to a lesser degree, on surface wave path corrections and
body wave recciver corrections. Despite much work, there is still considerable uncertainty
in all of these corrcctions, at least in an absolute sense. It is therefore desirable to base an
inversion on quantities which are independent of absolute moment and which do not make
critical assumptions about body or surface wave Q. These quantities include the relative
amplitudes of certain body phases, the polarity of SH waves, the relative radiation patterns
between cvents, and the relative size of surface wave source parameters.

For a general mement tensor solution, there are six degrees of frcedom. By working with
normalized seismograms, we can reduce this to five degrees of freedom. If we restrict the
sources to those consisting of an explosion plus a single double couple, we need only consider
a family of solutions containing four modsl paramecters; three specifying fault orientation and
one specifying the rclative amount of explosion to tectonic release moment (F#). Since only
a few (4 or 5) model parameters arc unknown, optimal models can be determined by an
exhaustive search of the model parameter space, rather than using gradient methods to find
a single optimal solution. This search methodology, similar to that used by McLaughlin et al.
(1983) in examining constraints on double couple solutions by rclative body wave phase
amplitude data, allows multiplc solutions to be determined casily and allows inequality

¢ondiiions on ih

Amam Cla am e lommmwmmeman A
adia 1ii 10 ¢C {fCorporaica.

In this report, we examine the constraints that may be placed on a tectonic release mechanism
by the addition of SH polarity data, rclative P, pP, and sP amplitude data, and SV amplitude
data to long period surface wave data. We studied the sct of six Northern Novaya Zemlya
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explosions listed in Table 10. As these events have been studied previously (Burger et al., 1986
and Tucker et al,, 1989), some intermediary or processed results were available. We have
chosen to use this processed data in our inversion, rather than return to the original
seismograms, so that we can concentrate on extending the results of the previous studies rather
than merely repeating their efforts. If we had chosen to perform our inversion using the
waveforms directly, it would have been necessary to establish the permissible error for
normalized waveforms. As always in waveform matching studies, significant uncertainty is
introduced by the choices made for t* and for the time functions used for the explosion and

the tectonic release.

4.2 Data

4.2.1 Surface Waves

The surface wave data we used in thc moment tensor inversion consist of the three surface
wave source parameters Sy, Sy and S, determined for each event by Tucker et al. (1989). In
order to remove the effect of absolute moment, we work with a ratio of quadrapole to total
surface wave energy for each event. Thus, we define

S+ S 172

(1) dg,

S
(2) dg, arctan | —
5

ds1 is a measure somewhat similar to F#, but is independent of tectonic release orientaiion.
dg, is a measure of the orientation of the observed quadrapole radiation. A source model,
consisting of an F#/orientation pair, is said to fit the data if the predicted values of dg, and
dg, are within some tolerance of the observed values. In general we have used a tolerance of
.1 ond,, and 10° on d,. These tolerances are consistent with formal error estimates from the
inversion studies of Given and Mellman (19868S).

422 SH Polarity

The SH polarity data we used has been taken from Burger ct al. (1986) who determined it by
observing the first break direction and by matching waveforms for a total of 10 stations. A !
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DATE

10/14/70

09/27/71

09/28/72

09/12/73

08/29/74

08/23/75

MARSHALL m,, SO
6.11 48.90
6.63 75.20
6.46 43.60
6.96 136.00
6.54 48.70
€.55 31.50

S1

-1.24

-3.83

-0.63

1.54

0.21

-241

39

S2

18.00

21.30

8.93

52.20

7.89

9.40

TABLE 10: Novaya Zemlya events and their source parameters.
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model is said to fit the SH polarity data if the number of incorrectly predicted SH polarities
is less than n, where we used valuesof n =0, 1, 2. SH polarity information is by far the most
robust of the auxiliary data types used, and provides the most rcliable constraints on the
tectonic release mechanism. Note, however, that SH waves are of limited use when non-double
couple mechanisms are considered, as neither moment tensor solutions My, = Myy = 1 nor

M,=1 excite SH waves. Tradeoffs between these two solutions provide a major ambiguity.

423 Relative P Amplitudes

Relative amplitudes of the short period body wave phases P, pP, and sP have been used for
some time to constrain double couple mechanisms. Burdick and Mellman (1976) did waveform
inversions based on these rclative amplitudes. Pearce (1977) used the ratios of these
amplitudes to constrain focal mechanisms, McLaughlin et al. (1983) extended Pearce’s work
to use as constraints the upper bounds on ampritude ratios rather than the ratios themselves.
In the present work, we define the observed amplitude ratios for each station:

(4) dpz =Asp/ Ap

These observed ratios are derived from the Burger et al. (1986) body wave solutions waich
were determined from waveform fitting at five stations. We take the P, pP, and sP amplitudes
to represent a combined explosion and tectonic release amplitude, and require that prospective
solutions fit all dp1 and dpz to within .2, These arc fairly generous bounds which produce

noticcable waveform changes.

As it has often been noted that pP amplitudes for explosions are appreciably smaller than those
predicted by linear clasticity, we have experimented in this inversion with pP/P ratios of .5
to.9. While varying this ratio does allow some shift in permissible oricntations, it allows
relatively little change in the number of permissible solutions given the body wave data
constraints.

424 SV Waves

Although variations in shear wave attenuation and the presence of shear-coupled PL and other
near surface conversions make them extremely difficult to use, SV waves arc a potentially
powerful constraint on tectonic relcase oricntation. For the SV wave information to be uscful

40
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in a practical sense, a strong correlation must exist between the theoretical and measured
radiation patterns.

The theoretical radiation patterns of the P and SV phases can be written as five term
polynomials in trigonometric "powers" of the station azimuth, : sin(28), cos(28), sin(8),

cos(8), 1. The coefficient for each term is a complex function of the orientation (strike, slip,

and dip) of the double couple source (Aki and Richards, 1980). Although the explosion source
itself produces oniy P waves, a large P to S conversion coefficient allows the explosion to
contribute significant amounts of SV energy. Fortunately, the P and SV radiation patterns
expected from the explosion are isotropic. Thus, the observed radiation patterns are expected
to be generally sinusoidal with an enhanced constant term.

To measure the actual radiation patterns for the Novaya Zemlya events of interest, we started
with long period body wave data from roughly 60 World Wide Standard Seismic Network
(WWSSN) stations and equalized *hem to a distance of 50° by applying the geometrical
spreading correction described by Kanamori and Stewart (1976). We then measured the
peak-to-peak time domain amplitudes for both the P, and SV phases. These are plotted in
Figure 11, where it becomes immediately apparent that the expected patterns are completely
obscured by the extreme scatter in the observed amplitudes. We must somehow greatly reduce
this scatter before we can hope to use the SV phase to constrain the tectonic releasc
orientation.

4.2.4.1 SV/P Ratio

We first tried to reduce the scatter by working with the ratio of the SV to P amplitudes rather
than with the individual amplitudes. This ratio process should reduce the influence of some
common path and instrument effects. Unfortunately, the improvement may be rather minimal
because differences in the P and S attenuation and velocity remain.  However, the ratio
process also implements a nccessary step in determining the tectonic release orientation by
removing the cxplosion contribution. Because explosion sources are much more efficient
gencerators of P wave energy than double couple sources and because the size of the tectonic
release at Novaya Zemlya is small compared to the size of the explosions, the double couple
contribution to the observed P amplitude can be ignored. So, upon taking the SV to P ratio,
the explosion contribution to the isotropic component of the SV amplitude is reduced to a
constant (representing the conversion coefficient) that is the same for all events and which
can be subtracted, lecaving only the double couple component. Figure 12 shows the amplitude
ratio results. Again, the data show scvere scatter and no appasent sinusoidal pattern.
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FIGURE 1la; Original body wave amplitudes for f ive Novaya Zemlya events
plotted in polar coordinates. Azimuth is measured clockwise from North at the
top and amplitude is proportional to distance from the center. The amplitude
of the circle edge is shown on the right and applics to all three circles on a row.
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4,2.4.2 Station Corrections

We next tried to reduce the scatter by computing and applying station corrcections. The need
for station corrections is clearly shown in Figure 11 by the behavior of station COP at an
azimuth 246° (for the events of 9/27/71, 8/28/72, and 8/23/75). It is roughly five to ten
times larger than stations within a few degrees to either side of it. It can also be seen by
considering the neighboring stations QUE, SHI, NAI, and EIL located at azimuths of 1659,
1839, 1999, and 205°. For the event of 9/12/73, these stations had respective SV amplitudes
of 1213, 3437, 887, and 2941 (Burger et al., 1986). Although the presence of a node could
explain a large change in amplitude between two stations, it can not explain such extreme
alternating amplitude bebavior for stations within 40° of each other.

The station corrections shown in Figure 13 were computed by performing a least squares
inversion which simultaneously solved for the event magnitudes. We started with the equation:

(5) log(Pij) = Mj + Ci
where Pij is the observed amplitude at station i for event j, Mj is an unknown magnitude for
event j, and C; is the station correction for station i, From this we constructed the standard

matrix equation

(6) Ax=Db

i
relatively sparse as each row is all zeros except for two ones which select the appropriate event

where vector b contains the log(P-j), vector x contains the Mj and C;, and matrix A is
and station.

The drawback to this method is that the resulting station corrections tend to contain not only
the desired ad justment for station specific amplitude effects, but also a sinusoidal pattern due
to the average tectonic releasc. However, when the corrections in Figure 13 are inspected,
no sinusoidal pattern is apparent which suggests that the average tectonic release is small. A
small average could result cither from all the events having low tectonic release (as predicted
by the surface wave results) or from a fortuitous cancellation of large tectonic release which
variecs from cvent to event. These two possibilitics can be distinguished by examining the

nnliad If thae tantanie

'Y n
113 MPPIAWLY AL iAW PwwEilaw

llc s:allcll CC w
release is truly small, no large residual sinusoidal pattern will be apparent. This is the case
shown in Figure 14. Notc that, in comparison to the original radiation patterns shown in

Figure 11, the scatter has been greatly reduced. Unfortunately, however, there is still enough
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scatter to prevent definite identification of the small sinusoidal patterns expected to be
present, thereby preventing the determination of the tectonic release orientation.

4.2.4.3 Statistical Fit Criterion

Up to this point, we have been judging the amplitude results on the basis of whether or not
a sinusoidal pattern was easily visible. We now wish to employ a more formal criterion with
which to judge the results. To this end, we define the misfit or fit error between the data
points and a fit line as:

2
z (Xpt - Xeorv)
@) Err =
N-1
where xpt is the observed point, Xcry is the corresponding point on the curve, and N is the

total number of points.

We considered the Northern Novaya Zemlya event of 9/12/73 since it is the largest event and
was focused on by Burger et al. (1986). To remain more consistent with that earlier work, we
used SV amplitudes measured from their Figure 9. These amplitudes are listed in our
Table 11.

We first solved, in a least squares fashion, for the best fitting curve having the five term
form described above. The resulting equation is:

(8) A =-500.051 sin(26) + 224.057 cos(28) - §9.842 sin(8) - 496.310 co3(O) + 1658.243

For comparison, we also computed the average of the data points:

9 A = 1745.575

Both of these fit curves are shown in Figurc 15, along with an approximation of the curve
presented by Burger et al. (1986). For the five term curve, the fit error is 749 and, for the
simpic average curvce, ihe {if eérror 15 852, However, this direct comparison is misleading as
it is not corrected for degrees of freedom. Although the absolute number of degrees of
freedom present is somewhat uncertain, because we can not quantify the extent to which

neighboring stations are influenced by similar geological conditions (and, therefore, are not
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independent), the five term curve clearly has four degrees of freedom less (and four free
parameters more) than the average curve. To compensate for this difference we replace the
N-1 term in the denominator of the misfit error computation with the term N-n-1 where n is
the number of free parameters defining the curve (Gerald, 1978). Applying this modification,
the fit crror is 802 for the five term curve and 863 for the average curve,

Although the error fo1 the five term curve is still smaller than the error for the average curve,
it is not much smallex. In order to determine whether or not this difference in crrors is
meaningful, we apply un F-test for the cquality of variances (Gulezian, 1979). First, we make
the hypothesis (HO) tha: the true (population) variances arc equal and that diffcrence between
the measured (samplie) variances of the two fits is the result of a limited number of data
points. Then we compute F, the ratio of the squared variances, and compare it with the value
listed in onc of the standard F-distribution tables. Assuming 35 and 39 degrees of freedom
and working at the 5% significance level, we find a listed value of approximately 1.7. As this
is greater than our computed value of 1.16, we can accept hypothesis HO with 95% confidence.
In other words, the five term curve does not provide a significantly better fit than the simple
average curve. So, the formal, statistical results support our earlier visual judgements.

4.3 Joint Inversion Results

Our failure to find a reliable method for reducing scatter in SV amplitudes lcaves us with
surface wave, SH polarity, and rclative P phase amplitudc data. We apply our inversion
mcthods to cach of these data types successively to study the additional constraints imposcd
by cach data type. We restrict ourselves to isotropic plus double couple solutions, as the data
types available can not resolve a completely general moment tensor due to tradeoffs between
the (M, + Myy) and M,, moment tensor clements.

We first consider the Novaya Zemlya event of 9/12/73. Gur trial solutions usc a 15° increment
in strike, a 10° increment in dip, a 10° increment in slip, and a .05 increment in F#. Using
a tolerance in dg, of .1 and dg, of 10°, we find 2,832 possible solutions that fit the surface

wave data within spacified tolerance. These solutions span the complete space of slip angles
from purc thrust to purc normal.

Using the SH polaritics alone, we find 19,744 solutions that honor at lcast 8 of the 10
polaritics, 272 of these honor all 10 polarities. Requiring the solutions .o it both the surface
wave data and the SH polarity data (at the 8/10 level), we find 431 acceptable solutions.

Thesc arc illustrated in Figure 16, Each figurc represents one choice of F#. The axes indicate
slip and dip angle, while strike is represented by the direction of the small line secgment. For
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brevity, we show plots of F#'s at .l increments starting at F# = .25. Note the migration of
solutions with increasing F#. This is caused by the decrease of efficiency of quadrapole
radiation for dip angles near 0° or 90° and for slip angles near #90°. Only 4 of the solutions

which fit both the surface wave data and the SH polarities actually honor all 10 SH polaritics.
These solutions are shown in Figure 17. Note that, despite the extremely small number of
solutions, both oblique normal and pure thrust mechanisms are represented.

Adding the further requirement that solutions must fit the P wave data (pP/P and sP/P to a
tolerance of .1) as well as the surface wave data and the SH polarities (at the 8/10 level), we
find 38 possible solutions. These are shown in Figure 18. Although adding the P wave
constraints significantly reduces the number of thrust solutions (down to 2), those solutions
arc not totally eliminated. Of the 38 solutions which fit all three types of data, there is only
a single orientation which actually honors all 10 SH polarities. This solution, corresponding
to a dip of 70° and a slip angle of -20°, with F#’s of .25 and .30, is shown in Figure 19. With
this orientation, tectonic release would have the effect of very slightly increasing the size of
observed surface waves. Hence, Mg would produce a slight overestimate of explosion yield
due to tectonic release cffects.

Using the orientation from the joint inversion solutions and the surface wave source
parameters (Sq, S, and S,) from Tucker et al. (1989), we can compute the moment (My) for this
event. The equation for moment, taken from Given and Mellman (1986) is

o? 302 1/2
(10) M; = —  Sp +— -1 Zsin_ sin 26 vz (8,289
282 482 sin? sin?26 + 4 cos® sin? §

where « is the P wave velocity, B is the S wave velocity, Ais the slip, and § is the dip. The

range of log moments determined using the various types of data arc shown in Table 12,
referenced to a strike slip solution. From this table, we can sce that the cxistence of
acceptable oblique normal and thrust solutions for the surface wave and SH cases icads to a
large range of possible M; values for each event. Only when all P phase and SH polarity
constraints are met do we reject the thrust solution and place meaningful constraints on M.
We applied the joint inversion method to the Northern Novaya Zemlya presumed underground
explosions shown in Tablc 10. Wc sct the crror limits on pP/P and sP/P at .2, to reflect the

probable reliability of these amplitude ratios and required all SH polariti:s to f*t. The
allowable solutions are summarized in Table 13. Note that for four of six cvents both thrust

(8=70°,1=90°) and oblique normal (about §=60°,1=-30°) solutions arc permitted. For one

cvent, only thrust solutions are permitted, while for another, no solutions exist.
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DATA USED

Surface wave only

Surfacc wave + SH
2 inconsistencizs

Surface wave + SH
0 inconsistencics

Surface wave + P + SH
2 inconsistencics

Surface wave + P + SH
0 inconsistencics

TABLE 12: Constraints on § log M; for 9/12/73 cvent.

<
>
b

21

21

21

-.04

-.04

-.04
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Event Data  Strike Slip
10/14/70 345 -30
45 90
225 90
9/27/71 No Solutions Found
9/28/72 345 -30
45 90
225 90
225 80
9/12/73 345 -30
345 -20
30 &0
45 90
225 90
8/29/74 345 -30
30 80
45 90
225 90
8/29/74 45 90
225 90

Dip

60
20
70

60
20
70
80

60
60
20
20
70

60
20
20
70

20
70

é log MI my '.75108MI
-09 5.22
.20 5.44
.20 5.44
-.09 5.03
A3 5.19
A3 5.19
d2 5.18
-.09 5.10
-05 5.14
21 5.40
21 5.40
21 5.40
-.02 5.08
10 5.20
A1 5.21
A1 5.21
A7 5.42
A7 5.4z

TABLE 13: Solutions using surface, P, and SH waves (no inconsistencics)
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We repeated these inversions allowing one inconsistent SH polarity. The number of acceptable
solutions increased dramatically, to about 80 per event. These solutions included both thrust
and oblique normal mechanisms. Table 14 summarizes the constraints on log moment that can
be inferred from these results,

4.4 Conclusions

The inclusion of P waveform and SH polarity data with surface wave data in a joint inversion
yields mulitiple acceptable orientations when reasonable error bounds are used. For the six
Northern Novaya Zemlya events studied in this repcrt, it docs not appear possible to
distinguish between a thrust and an oblique normal orientation for tectonic release given the
data available. The presence of multiple solutions does not appear to be a theoretical problem,
but rather is caused by limitations imposed by data noise, modeling uncertainties and station
distribution. Improved distribution of stations recording SH polarities, especially relatively
close-in stations, may well resolve these ambiguities.

The ambiguity in orientation might theoretically be resolved through the use of P or SV wave
amplitude data. Unfortunately, the high noise level in the SV amplitude data ruled out use
of these data in the present study. Potentially more promising is the use of geologic data to
determine the probable strike direction of the tectonic release component. Since the thrust and
oblique normal mechanisms have strikes that differ by more than 459, it may be possiblc to
distinguish between these mechanisms based on the general tectonic fabric of the source
region. This study was not successful in explaining anomalous Mi(f) behavior in terms of
orientation changes. All cvents seem to share the same two basic possible solutions. Although
a change between these two solution types could explain large M-my, discrepancies, it seems
extremely unlikely. There is far too much coincidence in changing between mechanisms that
produce virtually identical SH radiation patterns for that scenario to be credible.

The presence of multiple, substantially different orientations that fit waveform, surface
wave, and polarity data is rather disconcerting. It suggests that more ¢ffort than has generally
been donce in the past needs to be made to systematically secarch the model space for alternative
solutions in studics involving both isotropic and double couple sources.
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EVENT DATE

10/14/70
09/27/71
09/28/72
09/12/73
08/29/74
08/23/75

TABLE 14: Constraints on & log My using surface, P, and SH waves (1 inconsistency)

6 log M;

-17 to
-23 to
-.10 to
-17 to
-13 to
-20 to

.20
A7
A3
21
g1
A7

mb-.7SIogMI

5.16 to 5.44
4.88 to 5.18
4.97 to 5.15
5.06 to 5.35
5.00 to 5.18
5.10 to 5.38
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